This paper presents a novel method for the spatial quality improvement of low resolution Hyperspectral (HS) images by making use of a high resolution panchromatic (Pan) image. Since the introduction of all the details extracted from the Pan image into the upscaled HS images may result in spectral and spatial distortions, a detail injection model based on the optimization of QNR spatial quality index is proposed. This proposed model produces pansharpened images while preserving spectral fidelity. Also, to speed up the fusion process we propose to use the Universal Image Quality Index (UIQI) for dimensionality reduction before performing pansharpening. Finally, a comparison of the proposed method is presented with some existing pansharpening methods.
INTRODUCTION
Initial satellite sensor systems were designed to provide multispectral (MS) and panchromatic (Pan) images. However, the advent of modern satellite sensor systems provide a new type of image called hyperspectral (HS) image. The HS images have a better spectral resolution as compared to their MS counterparts. However, their spatial resolution is even poorer than the spatial resolution of MS images. Generally, for satellite images the highest spatial resolution is captured by the Pan image which has no spectral diversity. This trade-off occurs because of the radiometric sensitivity constraints in the design of electro-optical sensor systems. It is generally desirable that the HS images have both high spectral and spatial resolution for their better utilization and interpretation. This can be achieved by making use of a high spatial resolution panchromatic image in the context of pansharpening. Pansharpening is the process of improving the spatial quality of MS or HS images by making use of details extracted from the high resolution Pan image [1] . The details present in the Pan image are added to the upscaled HS image under the constraint that the spectral information must be conserved.
Since, the panchromatic image does not cover the same spectral range as the HS image, direct injection of details extracted from the Pan image would result in the introduction of spectral distortions. Therefore, a model is required to inject the Pan details in such a way that the spatial quality of the HS image is improved while its spectral characteristics remain unchanged. Another problem associated with HS images is the shear volume of data. The number of HS images that are to be pansharpened is generally ten times or even more as compared to the number of MS images. Hence, it is desired to work on a reduced number of HS images while calculating the model parameters and then using these parameters effectively to obtain the pansharpened HS images.
In this paper we perform pansharpening of Reflective Optics System Imaging Spectrometer (ROSIS) images having 92 bands. ROSIS is an airborne HS sensor which covers a spectral range of 430-837 nm. The test images were taken over the University of Pavia and have a resolution of 1m. For testing purposes we have degraded the 1m ROSIS images to 4m resolution by making use of the Starck-Murtagh filter [2] . This is done to ensure that after fusion we have a reference HS image for assessing the quality of the fused images. In Section. 2 we present a method to select a reduced number of HS images on which the pansharpening model parameters are calculated. Section. 3 presents the proposed model and the pansharpening procedure for the HS images. Finally in Section. 4, we make use of Spectral Angle Mapper (SAM), Global Dimensionless Relative Error of Synthesis (ERGAS) [3] and Universal Image Quality UIQI [4] indices for the quality assessment of pansharpened HS images obtained using the proposed method and some existing fusion methods.
DIMENSIONALITY REDUCTION
A difficulty associated with HS images is the treatment of huge amount of data. If a local detail injection model is calculated for each band of the HS sensor, it would result in a large computation cost for the pansharpening process. Hence, it is generally desirable to reduce the number of bands that are to be used for the determination of model parameters. The gen-erally used dimensionality reduction methods such as PCA and ICA result in a domain transformation of the image. The PCA or ICA components obtained may be uncorrelated or independent of each other but the physical representation of the image is lost. Assume that for the purpose of dimensionality reduction ICA is applied to the HS images. Now the Pan image and the details extracted from the Pan image are in the image domain whereas the HS image is now being represented by its Independent components which represent another domain. Hence, if a detail injection model is designed to optimize a certain criterion, it has to incorporate the inverse ICA process during parameter calculations. This makes the model parameter calculations even more complex.
Among the HS images provided by the satellites the adjacent images are spectrally similar. This property can be used for dimensionality reduction of the HS bands and to develop a model for pansharpening without transforming the pixel values and domain of usage. This is achieved by calculation of the UIQI index among HS bands. UIQI or Q index, equ. ( 1), was proposed by Wang and Bovik. [4] and is an accepted quality assessment index in the pansharpening community. It is defined as:
The Q index is a product of correlation, change in mean and change in contrast of two images,I 1 and I 2 . Where, σ (I1,I2) represents the covariance between the two images, σ 2 represents variance and I represents the mean of the image. The Q index can be effectively used to determine the spectral and spatial similarities of one band of the HS cube with the other bands. The calculation of the Q index of each HS band with the other HS bands results in a Q matrix. We propose the use of Q instead of correlation as it was shown in [5] that only the calculation of correlation operator may not lead to consistent results for assessing the similarity of one image to another. An example of the Q matrix obtained is presented in fig. 1 . Value of Q index tending to 1 indicates similarity, while a value tending to 0 indicates dissimilarity among bands. The similarity index among bands easily helps in identifying the bands that are spectrally and spatially similar to each other. However, there is a need for a threshold to define a cutoff to separate similar bands in different groups. This was done by making use of the following threshold equation:
The Q max & Q min represent the maximum and minimum values of Q index between 1 & 0 respectively and N represents the total number of bands or images in the HS image cube. The number of bands of the HS image cube decide if the threshold should be small or large. The more the number of bands the more is the spectral resolution of the HS image cube and hence the number of groups formed should be more to prevent spectral distortion while performing pansharpening. Thus, the threshold value is small. Once the groups are formed, a single band is selected among each group. This band is selected so that it represents the minimum Q difference with all the other members of the group. This image is finally selected to represent the group during the pansharpening parameter calculations.
Fig. 1.
The UIQI Matrix for Band Selection.
PANSHARPENING
To define the pansharpening process assume thatĤ represents the pansharpened HS image,H represents the upscaled HS image,Ṗ represents the details extracted from the Pan image and α represents the amount of the Pan details that are to be injected in the HS image. Then the pansharpened HS image can be represented as:Ĥ
To determine the optimal value of α we propose to use the QNR spatial quality index QN R spat . It is used to determine the spatial quality of pansharpened image without requiring a reference image for comparison. The index calculates the Q index of each low resolution HS image with the low resolution Pan image and again calculates the Q index of each pansharpened HS image with the high resolution Pan image. The difference between the Q indices calculated across scale provides the spatial distortion that has been introduced during the pansharpening process [6] . QN R spat is defined as:
WhereḦ andP represent the low resolution HS and Pan images, respectively. N represents the total number of HS bands and P represents the high resolution Pan image. The QN R spat index has an ideal value of zero indicating no spatial distortion while a value of 1 indicates maximum spatial distortion. From equ. ( 4), it is evident that in order to reduce spatial distortion, the difference between the Q values calculated across scale should be minimal. Thus the goal is to set the braced part of equ.( 4) equal to zero. Since both the low resolution HS and Pan images are available, Q index can be calculated at low resolution. To reduce QN R spat , the Q index at low resolution should be similar to the Q index at the high resolution. Thus the following condition needs to be satisfied:
Substituting the value ofĤ from equ.( 3), it becomes:
The value of low resolution Q index is constant for each low resolution HS and Pan image. Substituting this constant and the formula for Q in the above equation, and solving, results in a fourth order polynomial of the form:
for each HS image. Thus we get a set of polynomials equal to the number of HS images. 
The above given polynomials are independent of each other and hence can be solved independently. Thus, resulting in a single value of α for each image for each group. The same value of detail injection gain is used for other member images of the group. An alternate approach is to assume that the same amount of details are added to each image and for this case all the polynomials are added together to result in a single fourth order polynomial. This results in a single value of α for all the images. The results presented in this paper were obtained using the first method. An important consideration during the pansharpening process is that the model is calculated locally on blocks. Thus the model used is a context adaptive model and not a global model. For the purpose of testing we have calculated the context adaptive model on blocks of size 64 x 64 for the high resolution images and blocks of size 16 x 16 for the low resolution images, since the ratio between the low and high resolution is 1 : 4.
RESULTS AND COMPARISON
In this section we present both qualitative and quantitative assessment of the images obtained by the proposed pansharpening method. For the purpose of comparison we present the quality assessment results obtained for the proposed method along with the results obtained by Generalized Intensity-HueSaturation (GIHS) fusion method [7] , Gram-Schmidt (GS) fusion method (available in ENVI) [8] , Zhang's fusion method (available in PCI Geomatica) [9] , High pass filter (HPF) fusion method [10] and also with the non-pansharpened upscaled HS image (Expanded). For the purpose of quantitative evaluation we used Spectral Angle Mapper (SAM), Global Dimensionless Relative Error of Synthesis (ERGAS) [3] and Universal Image Quality Index (Q) [4] . The ideal values for SAM, ERGAS and Q indices are 0, 0 and 1, respectively. All three quality assessment methods require a reference HS image for comparison. Hence using Wald's Synthesis property [3] , we have worked with degraded ROSIS images so that after pansharpening they can be compared to the reference HS image. This means that the 1m HS image was degraded to the 4m resolution so that after pansharpening we can compare the 1m pansharpened image with the 1m reference. Also, the ROSIS sensor only provides HS images and does not have the associated sensor to provide the Pan image of the same location. Hence, due to unavailability of the high resolution Pan image a synthetic Pan image was constructed from the RO-SIS HS images. This was done by making use of the spectral response of the IKONOS panchromatic sensor. The approximate spectral response of the IKONOS panchromatic sensor was used to convert the 1m resolution HS images into a single Pan image at 1m resolution. The quantitative results are presented in Table. 1. The proposed method with dimensionality reduction (HSP S W DR ), has the best value of SAM which is better than the value rendered by GS fusion method. For ERGAS the GS method produces the best results followed closely by the proposed method. For the Q index the proposed method produces the second best result. Thus we conclude that the proposed method produces better quantitative results as compared to existing pansharpening methods. The proposed method was also tested using the complete HS cube i.e. all bands of the HS image were used in the pansharpening process. The results obtained are not presented here due to space limitation but are similar to the results obtained for the proposed pansharpening method with dimensionality reduction. This indicates that adding more complexity to the model does not necessarily improve the results significantly.
Qualitative assessment of the fused images shown in fig. 2 suggests that GIHS method produces the sharpest image. However, the colors of the GIHS method appear to be slightly distorted when compared with the Reference HS image. The proposed method is context adaptive and hence different regions show different amount of sharpness. Zhang method produces an image less sharp than the GIHS method however it is spectrally better than GIHS. GS fused image is spectrally better than both GIHS and Zhang's fused images but is more blurred as compared to them. The proposed method produces the best spectral quality at the cost of a slight blurring in certain regions of the image. For qualitative analysis bands 80, 50, 20 were selected among the 92 bands used. This choice was random and any other bands could have been selected for the purpose of qualitative analysis.
CONCLUSION
In this paper we have demonstrated quantitatively that the proposed method is a suitable choice for pansharpening when spectral quality preservation is important. This demonstrated by the fact that SAM measures spectral fidelity and the proposed method has the best SAM index among the methods compared. The context adaptive approach allows the proposed method to reduce local spectral distortions. The downside of this context adaptive approach is that the details added to certain regions do not result in a very sharp image. Due to unavailability of a true panchromatic image a synthesized panchromatic image was used. It would be interesting to compare the proposed method for a test data set in which the panchromatic is not synthetic and hence does not cover the entire range of the HS data. However, currently work is being done to satisfy both the spectral and spatial QNR index consistency constraints. We believe that this would result in further improving the sharpness and spectral consistency of the pansharpened images.
